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Cu	alloys	 110	 25	 1000	 5000	 500	(460°C)	 2000	(700°C)	
Al	alloys	 100	 70	 500	 2500	 600	(350°C)	 1500(430°C)	
Carbon	steels	 150	 10	 1200	 1400	 250	(670°C)	 1000	(1050°C)	
Ni-Cr	alloys	 150	 4	 1200	 600	 60	(590°C)	 120	(710°C)	
















































which	depends	on	both	the	beam	wavelength	and	the	optical	properties	of	the	workpiece	(Kannatey-Asibu,	2009).	The	power	qa	absorbed	by	a	material,	defined	as	a	function	of	the	incident	power	qi,	is	given	by:		 	 	 (3)	
Decreasing	wavelengths	result	in	higher	absorptivity	for	metals,	whereas	absorptivity	increases	with	increasing	wavelength	for	insulators	(Steen	et	al.,	2003).	Analogously,	metal	absorptivity	increases	with	increasing	temperature	and	becomes	particularly	high	in	the	molten	state	(Ready	et	al.,	2001).	The	wavelength	of	a	laser	beam	is	defined	by	the	physical	properties	of	the	lasing	medium	employed	(e.g.	solid-state,	gas,	dye,	semiconductor	lasers	and	so	on),	and	although	lasers	have	been	developed	for	many	wavelengths	in	the	ultraviolet,	visible	and	infrared	spectra,	there	are	still	numerous	gaps	in	the	spectrum.		The	thermal	properties	of	the	workpiece	material	such	as	conductivity	and	latent	heat	of	vaporisation	also	pose	fundamental	limits	to	the	laser	material	removal	rate	(Ion,	2005).	The	amount	of	material	that	can	be	removed	by	vaporisation	is	limited	by	the	latent	heat	of	vaporisation	(Ready,	1997),	given	by:		
	 	 	 (4)	
Where	D	is	the	maximum	depth	of	a	hole	that	may	be	drilled	by	a	laser	pulse	with	energy	Eo,	c	is	the	heat	capacity	per	unit	volume,	Tb	the	vaporisation	temperature,	
To	refers	to	the	ambient	temperature,	L	is	the	latent	heat	of	vaporisation	per	unit	mass,	ρ	the	density	and	A	is	the	spot	area	of	the	beam.	Materials	with	higher	thermal	conductivity	(and	hence	higher	diffusivity)	allow	more	heat	to	be	conducted	away	from	the	ablation	zone,	resulting	in	lower	material	removal	rates	(Ion,	2005).	Some	heat	will	always	be	transferred	from	the	ablation	zone	to	the	surrounding	workpiece,	and	a	focus	for	research	in	laser	ablation	of	metals	has	been	the	need	to	minimise	the	resulting	metallurgical	effects	in	the	heat	affected	zone	(Disimile	et	al.,	1998).	If	the	heat	transferred	is	sufficient,	this	may	include	melting	and	re-
!qa = qi 1−R( ) = Aqi
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	  αD2.5Lω = J ωω + m vv 		 (9)	Therefore,	using	the	standard	calculation	for	the	moment	of	inertia	of	a	solid	cylinder	(the	rotor),	and	the	relation	between	v	and	ω	given	in	fig.	23,	
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Table	3	presents	typical	ranges	of	the	parameters	that	might	apply	when	pumping	fluids	along	circular	pipes	in	manufacturing	processes,	with	a	nominal	‘set	point’.	This	allows	construction	of	fig.	28,	based	on	equations	(13)	and	(15)	for	laminar	and	turbulent	flow	respectively,	which	shows	how	the	volume	flow	rate	varies	from	the	set	point	( V * 	)	as	each	parameter	is	varied	in	turn.	
Parameter	 Low	value	 High	value	 Set-point	
Fluid	density,	ρ,	(kg/m3)	 785	(acetone)	 1260	(glycerol)	 1000	(water)	
Viscosity,	μ,	(mPa	s)	 0.3	(acetone)	 1500	(glycerol)	 1	(water)	
Pipe	diameter,	D	(mm)	 2.5	 250	 25	
Head	loss,	hL	(m)	 0.1	 10	 1	
Pipe	Length,	L,	(m)	 0.1	 10	 1	
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5.5	Design	taxonomy	and	beyond	A	feature	of	several	of	the	system	and	co-ordination	functions	discussed	in	section	3	was	that	the	constraint	on	increasing	manufacturing	speed	related	to	the	difficulty	of	keeping	several	different	resources	(machines,	people,	supply	chain	partners)	working	efficiently,	due	to	the	combination	of	uncertainties	in	how	long	each	task	would	take.	A	well	trodden	approach	to	addressing	this	problem	is	to	attempt	to	specialise	every	task	in	the	supply	chain,	so	it	is	better	understood,	more	repeatable,	and	by	being	easier	to	predict,	is	easier	to	co-ordinate.	However,	this	approach	is	constrained	by	the	fact	that	across	the	wide	variety	of	products	in	manufacture,	and	the	supporting	functions	that	allow	innovation,	there	is	a	limit	to	how	much	standardisation	can	be	achieved.	An	alternative	approach	being	developed	in	design,	and	with	potential	applicability	across	a	wider	range	of	other	manufacturing	functions,	is	to	develop	taxonomies	of	previous	tasks.	Atman	et	al.	(1999)	conducted	a	series	of	longitudinal	studies	on	a	number	of	student	classes,	and	noted	that	in	order	to	create	efficient,	better	designs	quickly,	it	is	important	that	the	problem-definition	and	requirements	list	is	correctly	defined	in	the	first	instance.	However,	he	also	pointed	out	that	this	is	typically	related	to	experience	and	that	a	novice	designer	who	gathers	considerable	quantities	of	data	during	the	scoping	phase	may	not	translate	to	better	designs	in	the	concept	design	phase.	Conversely	the	expert	designer	tended	to	gather	more	information,	created	more	wide	ranging	alternatives	and	transitioned	frequently	between	the	different	design	phases.	Ahmed	et	al.	(2003)	also	noted	that	the	novice	designer	will	tackle	design	in	a	trial	and	error	manor,	therefore	increasing	design	time,	however	the	experienced	designer	tended	to	use	more	integrated	design	strategies	that	involved	making	critical	design	based	judgments	before	fully	executing	an	idea,	thereby	reducing	the	design	time.	Whilst	these	research	studies	depict	the	value	of	expert	knowledge,	capturing	this	knowledge	particularly	for	new	product	design	can	be	challenging.		From	a	purely	mechanistic	viewpoint,	increased	design	speeds	have	been	achieved	to	some	degree	with	the	application	of	model	based	engineering	techniques.	These	have	taken	the	form	of	product	taxonomies,	used	to	define	the	
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predominant	characteristics	of	a	product	family;	classifications	to	define	particular	facets	of	a	product	and	parametric	design	rules	applied	to	a	product	family,	for	providing	a	fast	method	with	which	to	customise	a	design.	Parametric	techniques	are	often	used	to	provide	a	method	for	designers	to	change	a	design	rapidly	based	on	a	set	of	predefined	rules.	For	example,	this	can	be	in	the	form	of	mathematical	expressions	that	allow	alterations	in	the	size	and	shape	of	products.	This	approach	allows	for	re-use	of	existing	products	and	rapid	design	modifications	based	on	engineering	analysis	(Myung	and	Han,	2001).		
6.	Discussion	The	introduction	to	this	paper	recognised	that	doubling	the	speed	of	manufacturing	as	a	whole	may	require	simultaneous	increases	in	the	physical	processes	of	production,	the	system	which	connects	them,	and	in	the	wider	co-ordination	of	the	supply	chain,	design	and	accounting	functions	for	example,	which	provide	the	context	of	manufacturing.	The	argument	of	the	paper	has	been	to	reveal	that	the	constraints	to	speed	increase	in	several	contrasting	case	studies	can	be	reduced	to	a	small	number	of	common	issues,	and	a	simplified	analysis	of	each	issue	has	given	some	insight	into	the	absolute	limits	to	speed	improvement.	Contrasting	these	limits	with	current	practice	suggests	some	opportunities	for	innovation,	and	section	5	has	reported	on	some	current	developments	promising	a	step	change	in	the	speed	of	particular	functions	of	the	manufacturing	system;	there	are	clearly	significant	opportunities	to	speed	up	production.	Not	all	opportunities	to	increase	manufacturing	speed	will	prove	attractive	in	practice.	Even	if	manufacturing	at	double	the	speed	is	possible	–	with	sufficient	innovations	in	processes,	system	and	co-ordination	–	this	still	may	not	be	a	desirable	goal.	The	design	of	manufacturing	requires	a	balancing	of	many	objectives,	including	operational	and	investment	costs,	the	overall	size	and	rate	of	change	of	a	market,	and	the	human	goals	of	those	involved	in	production	and	their	customers.		
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The	introduction	to	the	paper	made	a	specific	exclusion	to	its	scope	about	the	development	of	new	materials.	In	practice,	many	of	the	processes	reviewed	in	section	2.1	are	currently	constrained	either	by	tool	or	workpiece	material	properties,	so	material	development	is	currently	a	key	part	of	the	effort	to	increase	speed	in	manufacturing.	For	example,	solid	polycrystalline	diamond-tipped	drills	have	recently	been	developed	to	overcome	physical	limits	to	drilling	composite	materials	through	increased	tool	life,	quality	and	productivity.	In	turn,	development	of	a	new	material	that	solves	one	constraint	on	manufacturing	speed,	may	simply	shift	attention	to	a	different	constraint.	For	example,	higher	speed	machining	of	exotic	alloys	has	been	enabled	by	the	use	of	high	hardness	tool	materials	such	as	CBN	or	ceramics,	but	these	are	sensitive	to	vibration	so	the	constraint	on	speed	changes	from	tool	wear	to	the	dynamic	stability	of	the	tool	and	workpiece	assembly	and	the	fracture	toughness	of	the	tool	material.	Relatedly,	with	the	advent	of	new	materials	for	tools	or	workpieces,	process	modelling	may	become	a	constraint	on	speed,	until	new	material	characterisation	is	achieved.	Furthermore,	new	processes	may	themselves	enable	the	development	of	new	manufacturing	equipment	that	allows	increased	speed.	“Rapid	tooling”	was	one	of	the	early	motivations	for	the	development	of	additive	manufacturing	processes,	for	example	to	the	incorporation	of	cooling	features	within	more	complex	tooling	structures.	However,	there	are	many	further	opportunities	(some	well	explored	and	some	proposed)	which	will	also	create	enhanced	functionality	tools.	These	may	for	example	result	from	the	incorporation	of	harder	materials	within	a	single	tool	component,	surface	engineering	for	enhanced	tribological	properties	or	reconfigurable	tooling.	Tooling	created	by	various	additive	manufacturing	processes	has	been	proposed	for	forming	operations,	for	example	Hölker	et	al.	(2012)	propose	the	production	of	hot	extrusion	dies	by	laminating	laser	cut	layers	and	Hölker	et	al.	(2013)	similarly	make	dies	by	selective	laser	melting.		However	the	approach	may	also	be	applied	much	more	broadly.	For	example	Arthur	et	al.	(1996)	explore	the	development	of	EDM	electrodes	by	additive	processes.	
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Nevertheless,	the	objective	of	this	paper,	which	was	to	pose	a	hypothetical	question,	and	explore	the	constraints	on	existing	practice	that	prevent	its	immediate	solution,	has	led	to	several	interesting	suggestions	for	innovation.	Without	doubt,	the	question	addressed	in	this	paper	could	be	examined	in	greater	depth	and	by	a	wider	community	to	enrich	and	expand	the	suggestions	made	here.	The	processes	considered	in	section	2	were	the	subset	know	to	the	paper’s	authors,	and	wider	examination	of	other	processes	would	enhance	the	paper’s	coverage.	Furthermore,	other	similar	questions	could	stimulate	related	searches	for	unexpected	innovation:	is	it	possible	to	manufacture	with	half	the	energy?	Can	we	design	and	make	products	that	remain	valuable	to	customers	for	ten	times	longer?	If	we	only	had	three	machines	to	manufacture	a	life	time’s	products,	what	would	they	be?	Manufacturing	at	double	the	speed	is	certainly	possible	in	many	cases,	and	the	pursuit	of	speed	seems	likely	to	reveal	other	opportunities	for	valuable	innovation.	
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